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Fibrinogen binding to the integrinaIIbb3 modulates store-mediated calcium entry
in human platelets

Juan A. Rosado, Else M. Y. Meijer, Karly Hamulyak, Irena Novakova, Johan W. M. Heemskerk, and Stewart O. Sage

Effects of the occupation of integrin aIIbb3

by fibrinogen on Ca 11 signaling in fura-2–
loaded human platelets were investi-
gated. Adding fibrinogen to washed plate-
let suspensions inhibited increases in
cytosolic [Ca 11] concentrations ([Ca 11]i)
evoked by adenosine diphosphate (ADP)
and thrombin in a concentration-depen-
dent manner in the presence of external
Ca11 but not in the absence of external
Ca11 or in the presence of the nonselec-
tive cation channel blocker SKF96365,
indicating selective inhibition of Ca 11 en-
try. Fibrinogen also inhibited store-medi-
ated Ca11 entry (SMCE) activated after

Ca11 store depletion using thapsigargin.
The inhibitory effect of fibrinogen was
reversed if fibrinogen binding to aIIbb3

was blocked using RDGS or abciximab
and was absent in platelets from patients
homozygous for Glanzmann thrombasthe-
nia. Fibrinogen was without effect on
SMCE once activated. Activation of SMCE
in platelets occurs through conforma-
tional coupling between the intracellular
stores and the plasma membrane and
requires remodeling of the actin cytoskel-
eton. Fibrinogen inhibited actin polymer-
ization evoked by ADP or thapsigargin in
control cells and in cells loaded with the

Ca11 chelator dimethyl BAPTA. It also
inhibited the translocation of the tyrosine
kinase p60 src to the cytoskeleton. These
results indicate that the binding of fibrino-
gen to integrin aIIbb3 inhibits the activa-
tion of SMCE in platelets by a mechanism
that may involve modulation of the reorga-
nization of the actin cytoskeleton and the
cytoskeletal association of p60 src . This
action may be important in intrinsic nega-
tive feedback to prevent the further activa-
tion of platelets subjected to low-level
stimuli in vivo. (Blood. 2001;97:2648-2656)

© 2001 by The American Society of Hematology

Introduction

Integrin aIIbb3 (glycoprotein IIb/IIIa) is a member of the integrin
family of receptors that mediate cellular adhesion of different
cell types to several ligands, such as fibrinogen, fibronectin, and
von Willebrand factor.1,2 Occupancy of specific sites of the
integrin aIIbb3 by a ligand affects its structure, function, and
distribution.1 In addition, during aggregation of platelets, the
receptor has been reported to associate with the cytoskeleton
inducing actin filament reorganization.2 It has been shown that
peptides containing the Arg-Gly-Asp sequence, known as the
RGD sequence, present in the A-a chains of human fibrinogen,
bind to potential recognition sites on the integrinaIIbb3 for the
binding of soluble fibrinogen on activated human platelets, thus
inhibiting binding of fibrinogen with the receptor.3,4 Platelet
agonists activate integrinaIIbb3 (inside-out signaling) to allow
the binding of soluble fibrinogen followed by outside-in signals
involving phosphorylation events, cytoskeletal rearrangements,
and molecular translocations.5

Stimulation of human platelets with various agonists results in
an elevation in the [Ca11]i that consists of 2 components; release of
Ca11 from the intracellular stores and activation of Ca11 entry
through plasma membrane channels.6 Store-mediated Ca11 entry
(SMCE) is the main mechanism responsible for Ca11 influx in

human platelets7; however, the mechanism by which the filling
state of the Ca11 stores is communicated to the plasma membrane
is poorly understood. Current hypotheses fall into 2 main catego-
ries: indirect coupling and direct coupling.8 Recently, the direct
coupling model has received support from studies indicating that
the mechanism of activation of SMCE shares properties with the
activation of secretion.9-11 In different cell types, including human
platelets, the reorganization of the actin cytoskeleton appears to
play a pivotal role in the activation of SMCE, possibly by
mediating translocation of the Ca11 stores to the plasma membrane
to facilitate the coupling process.9,11

It has been reported that integrinaIIbb3 might be involved in the
regulation of [Ca11]i in platelets2; however, the mechanisms
responsible have not been clearly addressed. It has been reported
that integrinaIIbb3 contains high-affinity Ca11-binding sites,12 and
earlier studies have suggested that this integrin may act as a Ca11

channel.13 Here we have investigated the effects of occupation of
integrin aIIbb3 on agonist-induced [Ca11]i elevations. Our results
indicate that integrinaIIbb3 occupation results in a reduction of
SMCE by preventing agonist-induced actin polymerization and
cytoskeletal association of p60src in human platelets. Some of these
data have been published in preliminary form.14

From the Department of Physiology, University of Cambridge, Cambridge,
United Kingdom; the Departments of Biochemistry and Human Biology,
University of Maastricht; the Laboratory of Haematology, Haemostasis
Laboratory, Department of Internal Medicine, Academic Hospital Maastricht;
and the Department of Haematology, St Radbout Hospital, Nijmegen, The
Netherlands.

Submitted September 8, 2000; accepted December 21, 2000.

Supported in part by The Wellcome Trust (grant 046115) and by grants from the
Junta de Extremadura, Spain (J.A.R.) and The Dr Saal van Zwanenberg-

stichting (E.M.Y.M.).

J.A.R. and E.M.Y.M. contributed equally to this work.

Reprints: Stewart O. Sage, Dept of Physiology, University of Cambridge,
Downing St, Cambridge CB2 3EG, United Kingdom; e-mail: sos10@
cam.ac.uk.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734.

© 2001 by The American Society of Hematology

2648 BLOOD, 1 MAY 2001 z VOLUME 97, NUMBER 9

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/97/9/2648/1673344/h8090102648.pdf by guest on 08 June 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V97.9.2648&domain=pdf&date_stamp=2001-05-01


Materials and methods

Materials

Fura-2 acetoxymethyl ester (fura-2/AM) was from Texas Fluorescence
(Austin, TX). Apyrase (grade V), aspirin,a,b-methylene adenosine triphos-
phate (ATP), bovine serum albumin (BSA), adenosine diphosphate (ADP),
fibrinogen, lanthanum chloride, paraformaldehyde, Nonidet P-40, fluores-
cein isothiocyanate–labeled phalloidin, RGDS peptide, thrombin, thapsigar-
gin (TG), and vasopressin were from Sigma (Poole, Dorset, United
Kingdom). Ionomycin, cytochalasin D (CD), PPACK dihydrochloride
(D-Phe-Pro-Arg-chloromethylketone, HCl) and SKF96365 were from
Calbiochem (Nottingham, United Kingdom). Jasplakinolide (JP) was from
Molecular Probes (Leiden, The Netherlands). Protein A-agarose and
anti-p60src monoclonal antibody GD11 were from Upstate Biotechnology
(Lake Placid, NY). Antiphosphotyrosine monoclonal antibody (PY20) was
from Transduction Laboratories (Lexington, KY). Horseradish peroxidase–
conjugated ovine antimouse IgG antibody (NA931) was from Amersham
(Buckinghamshire, United Kingdom). Reopro (abciximab) was from Lilly
(Basingstoke, United Kingdom). All other reagents were of analyti-
cal grade.

Platelet preparation

Fura-2–loaded platelets were prepared as described previously.15 Briefly,
blood was collected by venipuncture from healthy drug-free volunteers and
mixed with one-sixth volume acid–citrate dextrose anticoagulant (85 mM
sodium citrate, 78 mM citric acid, and 111 mM D-glucose). Platelet-rich
plasma was then prepared by centrifugation for 5 minutes at 700g, and
aspirin (100mM) and apyrase (40mg/mL) were added. Platelet-rich plasma
was incubated at 37°C with 2mM fura-2/AM for 45 minutes. In some
experiments, platelets were co-loaded with dimethyl BAPTA by adding 10
mM dimethyl BAPTA/AM for the final 30 minutes of incubation. Cells were
then collected by centrifugation at 350g for 20 minutes and resuspended in
HEPES-buffered saline (HBS; 145 mM NaCl, 10 mM HEPES, 10 mM
D-glucose, 5 mM KCl, 1 mM MgSO4, pH 7.45) supplemented with 0.1%
wt/vol BSA and 40mg/mL apyrase. Where indicated, 5mM PPACK was
added. Blood samples were also obtained from 5 adult patients homozygous
for Glanzmann thrombasthenia and from age- and sex-matched healthy
controls. Patients and controls did not use antiplatelet medication.

Measurement of [Ca 11]i

Fluorescence was recorded from 1.5-mL aliquots of magnetically stirred
washed platelet suspension (108 cells/mL) at 37°C using a Cairn Research
Spectrophotometer (Cairn Research, Faversham, Kent, United Kingdom)
with excitation wavelengths of 340 and 380 nm and emission at 500 nm.
Changes in [Ca11]i were monitored using the fura-2 340/380 fluorescence
ratio and calibrated according to the method of Grynkiewicz et al.16

Measurements on platelets from patients with Glanzmann thrombocytope-
nia and from matched controls were performed using an SLM Aminco 8100
spectrophotometer (Aminico, Rochester, NY) as described previously.17

Determination of [Ca 11]i elevation

Agonist-evoked [Ca11]i elevation was measured as the integral of the rise
in [Ca11]i above basal levels for 11⁄2 minutes after the addition of the
agonist in the presence of external Ca11. Ca11 entry in TG-induced
store-depleted platelets was estimated using the integral of the rise in
[Ca11]i

15,17for 21⁄2 minutes after the addition of CaCl2.

Measurement of F-actin content

The F-actin content of resting and activated platelets was determined as
previously described.11 Briefly, washed platelets (23 108 cells/mL) were
activated in HBS. Samples of platelet suspension (200mL) were transferred
to 200mL ice-cold 3% (wt/vol) formaldehyde in phosphate-buffered saline
(PBS) for 10 minutes. Fixed platelets were permeabilized by incubation for
10 minutes with 0.025% (vol/vol) Nonidet P-40 detergent dissolved in PBS.

Platelets were then incubated for 30 minutes with fluorescein isothiocyanate–
labeled phalloidin (1mM) in PBS supplemented with 0.5% (wt/vol) BSA.
After incubation, the platelets were collected by centrifugation in an MSE
Micro-Centaur Centrifuge (MSE Scientific Instruments, Crawley, Sussex,
United Kingdom) for 90 seconds at 3000g and resuspended in PBS.
Staining of 23 107 cells/mL was measured using a Perkin-Elmer (Nor-
walk, CT) Fluorescence Spectrophotometer. Samples were excited at 496
nm, and emission was at 516 nm.

Analysis of cytoskeleton-associated p60 src

Human platelet fractionation was carried out according to a procedure
published previously.18 Briefly, activated and control platelets (23 109

cells/mL) were immediately lysed with an equal volume of 23 Triton
buffer (2% Triton X-100, 2 mM EGTA, 100 mM Tris-HCl, pH 7.2, 100
mg/mL leupeptin, 2 mM phenylmethylsulfonyl fluoride, 10 mM benzami-
dine, and 2 mM Na3VO4) at 4°C for 30 minutes. Platelet lysate was
centrifuged at 16 000g for 5 minutes. The supernatant was removed, and the
pellet (cytoskeleton-rich fraction) was solubilized into the original volume
in Laemmli’s buffer,19 boiled for 5 minutes, and subjected to Western
blotting using the anti-p60src monoclonal antibody GD11.

Western blotting

Proteins were electrophoresed on 7.5% sodium dodecyl sulfate–polyacryl-
amide gels and electrophoretically transferred for 2 hours at 0.8 mA/cm2 in
a semidry blotter (Hoefer Scientific, Newcastle, Staffordshire, United
Kingdom) onto nitrocellulose membranes for subsequent probing. Blots
were incubated overnight with 10% (wt/vol) BSA in Tris-buffered saline
with 0.1% Tween 20 (TBST) to block residual protein-binding sites.
Membranes were then incubated for 1 hour with anti-p60src monoclonal
antibody (GD11) diluted 1:500 in TBST. The primary antibody was
removed, and blots were washed 6 times for 5 minutes each with TBST. To
detect the primary antibody, blots were incubated with horseradish peroxi-
dase–conjugated ovine antimouse IgG antibody diluted 1:10 000 in TBST,
washed 6 times in TBST, and exposed to enhanced chemiluminescence
reagents for 1 minute. Blots were then exposed to preflashed photographic
film. The density of bands on the film was measured using a Quantimet 500
densitometer (Leica, Milton Keynes, United Kingdom).

Statistical analysis

Values stated are mean6 SE of the number of observations (n) indicated.
Analysis of statistical significance was performed using Studentt test. For
multiple comparison, one-way analysis of variance combined with the
Dunnett test was used.P , .05 was considered statistically significant.

Results

Fibrinogen inhibits ADP-evoked Ca 11 elevations

Fura-2–loaded aspirin-treated human platelets were used to assess
Ca11 responses evoked by different agonists. As previously
reported,20 in the presence of 1 mM external Ca11, 5 mM ADP
evoked a transient increase in [Ca11]i. The addition of fibrinogen
45 seconds before stimulation with ADP decreased the [Ca11]i

elevation in a concentration-dependent manner (Figure 1A; n5 5).
Fibrinogen significantly decreased the ADP-evoked Ca11 eleva-
tion (see “Materials and methods”) by 17%6 6%, 41%6 1%, and
61%6 4% at 0.1, 0.3, and 1 mg/mL, respectively (Figure 1A;
P , .05; n5 5). As shown in Figure 1B, in the presence of 1 mM
external Ca11, 5 mM ADP evoked a peak [Ca11]i rise of 3216 22
nM (n 5 7), which, in the presence of 1 mg/mL fibrinogen, was
reduced to 2136 33 nM (P , .05; n5 7 ). When experiments
were performed in the presence of 5mM PPACK to inactivate
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traces of thrombin that might have been generated, the same results
were obtained (data not shown). RGDS has been reported to inhibit
the binding of fibrinogen with its receptor.21 Under our experimen-
tal conditions, the addition of RGDS (100mM) did not alter the
elevation in [Ca11]i evoked by ADP, thrombin, or vasopressin
(data not shown). However, the addition of RGDS (100mM) 45
seconds before fibrinogen reversed the effect of fibrinogen. In the
presence of both RGDS and fibrinogen, treatment of platelets with
5 mM ADP evoked a peak [Ca11]i elevation of 2856 37 nM,
similar to that reported under control conditions (Figure 1B;
P . .05; n5 7). Similar results were obtained using abciximab
(ReoPro, a chimeric antibody againstaIIbb3). Addition of abcix-
imab (5mM) 45 seconds before fibrinogen completely reversed its
inhibitory effect (Figure 1C; n5 5).

Effect of fibrinogen and RGDS peptide on thrombin-evoked
Ca11 elevations

Figure 2 shows that the addition of fibrinogen (1 mg/mL) 45
seconds before the agonist resulted in substantial inhibition of the
elevation in [Ca11]i evoked by thrombin (0.1 U/mL) in medium
containing 1 mM Ca11. The initial peak [Ca11]i elevation above
basal level after treatment with agonist was decreased significantly
from 3516 58 to 1946 60 nM (P , .01; n5 7). Fibrinogen
significantly reduced the integral of the thrombin-evoked elevation
in [Ca11]i by 44%6 4% (P , .001). As with ADP, RGDS
reversed the inhibition of the thrombin-evoked elevation in [Ca11]i

by fibrinogen. In the presence of RGDS (100mM), fibrinogen only
slightly reduced the initial peak of the rise in [Ca11]i evoked by
thrombin from 3516 58 to 2726 22 nM (Figure 2A;P . .05;
n 5 7).

Fibrinogen inhibits receptor-operated Ca 11 entry

To address the role of fibrinogen in modulating Ca11 signaling, we
studied its effect on ADP-evoked release of Ca11 from the internal
stores. Although the preincubation of platelets with high concentra-
tions of EGTA (5 mM) induces dissociation of theaIIbb3 complex,
reducing the ability of this receptor to bind fibrinogen,22,23 more
recent studies have demonstrated that incubation in the presence of
lower concentrations of EGTA (500mM) does not destroy the
complex.1 Using flow cytometry, we have found that under our
experimental conditions, the incubation of platelets for 30 seconds
in the presence of 100mM EGTA did not interfere with the binding
of fibrinogen to theaIIbb3 complex (data not shown). In the absence
of external Ca11 (100 mM EGTA added), fibrinogen was without
effect on the ADP-induced rise in [Ca11]i, suggesting no effect on
the release of Ca11 from the intracellular stores (Figure 3A). To
further investigate this issue, we monitored ADP-evoked Ca11

release in a medium containing external Ca11 and SKF96365, a
nonselective cation channel blocker.24 In a medium containing 1
mM Ca11, treatment of human platelets with ADP (5mM) in the
presence of SKF96365 (50mM) evoked a Ca11 elevation similar to
that observed in the absence of external Ca11, indicating that
SKF96365 abolished Ca11 entry under our conditions (data not
shown). As shown in Figure 3B, in the presence of SKF96365, the
addition of fibrinogen (1 mg/mL) to the platelet suspension 45
seconds before ADP did not alter ADP-induced Ca11 mobilization
(P . .05; n5 6). These findings strongly suggest that the effect of
fibrinogen on Ca11 signaling is a selective inhibition of Ca11 entry
over internal release.

Figure 1. Fibrinogen inhibits ADP-evoked elevations in [Ca 11]i. (A) Fura-2–
loaded human platelets suspended in an HBS containing 1 mM Ca11 were stimulated
with ADP (5 mM) in the absence (Control) or presence of various concentrations of
fibrinogen (FG; 0.1-1 mg/mL). [Ca11]i was monitored as described in “Materials and
methods.” (B, C) Human platelets were stimulated with ADP (5 mM) in the absence
(Control) or presence of either fibrinogen alone (FG; 1 mg/mL) or fibrinogen (1
mg/mL) in combination with RGDS (100 mM) (FG 1 RGDS; B) or abciximab (5
mg/mL) (ReoPro; FG 1 Ab; C). Traces shown are representative of 5 independent
experiments.

Figure 2. Fibrinogen inhibits thrombin-evoked elevations in [Ca 11]i. (A) Fura-2–
loaded human platelets were stimulated with thrombin (0.1 U/mL) in the absence
(Control) or presence of either fibrinogen alone (FG; 1 mg/mL) or fibrinogen after the
addition of 100 mM RGDS (FG 1 RGDS). Traces are representative of 7 separate
experiments.
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To assess whether fibrinogen might mediate these effects by
Ca11 channel blockage, we investigated the effect of fibrinogen on
Ca11 entry mediated by activation of P2x1 receptors, which act as
cation channels.25 As shown in Figure 3C, the addition of fibrino-
gen 45 seconds before the P2x1-selective agonist,a,b-methylene
ATP, did not modify the entry of Ca11 by P2x1 receptors (P . .05;
n 5 10), suggesting that the inhibitory effect of fibrinogen on
agonist-evoked Ca11 entry is not caused by the blockage of this
Ca11 channel.

Fibrinogen reduces store-mediated Ca 11 entry

To directly address the specific inhibitory role of fibrinogen on
Ca11 entry, we investigated its effect on SMCE. In a medium
containing 1 mM Ca11, TG, a specific inhibitor of the Ca11-
ATPase of the internal stores (the sarcoplasmic/endoplasmic–

reticulum Ca11-ATPase, or SERCA),26,27 evoked a transient in-
crease in [Ca11]i in platelets mediated by the release of Ca11 from
the internal stores and Ca11 entry (Figure 4A). The addition of
fibrinogen (1 mg/mL) 45 seconds before TG (200 nM) significantly
decreased the elevation in [Ca11]i by 25%6 5% (Figure 4A;
P , .01; n5 5). As shown in Figure 4A, the addition of RGDS
(100mM) before fibrinogen reversed the fibrinogen-induced inhibi-
tion of TG-evoked Ca11 entry.

Another index for SMCE is the rapid elevation in [Ca11]i after
the addition of CaCl2 to suspensions of store-depleted platelets.
Cells were treated with TG (200 nM) in a Ca11-free medium, and,
3 minutes later, CaCl2 (300mM) was added to initiate Ca11 entry.
Consistent with the results obtained in the presence of 1 mM Ca11,
the addition of fibrinogen (1 mg/mL) before TG significantly
reduced the Ca11 entry by 61%6 6% (Figure 4B; P , .01;
n 5 6). As shown in Figure 4B, this effect of fibrinogen was
completely blocked by RGDS.

Cytosolic Ca11 concentration is a result of the balance between
the mechanisms involved in Ca11 intake and removal from the
cytosol. Ca11 release from the intracellular stores and Ca11 entry
are responsible for rises in [Ca11]i, whereas the sequestration of
Ca11 in the internal stores—and mainly the plasma membrane
Ca11 ATPase—remove Ca11 from the cytosol in human plate-
lets.28 Sequential activation of these systems results in changes in
[Ca11]i. To investigate whether the effect of fibrinogen on [Ca11]i

could be mediated by enhancing the activity of plasma membrane
Ca11 ATPase and the subsequent removal of Ca11 from the cell,
we studied this process in platelets in the absence and presence of

Figure 3. Effects of fibrinogen on ADP-evoked release of Ca 11 from internal
stores and P 2x1 receptor-mediated Ca 11 entry. (A) Fura-2–loaded human platelets
were suspended in Ca11-free medium and stimulated with ADP (5 mM) in the
absence (Control) or presence of fibrinogen (FG; 1 mg/mL). (B) Human platelets
were suspended in an HBS containing 1 mM Ca11 in the presence of SKF96365 (50
mM). Platelets were then stimulated with ADP (5 mM) in the absence (SKF) or
presence of fibrinogen (1 mg/mL) (FG 1 SKF). (C) Human platelets were suspended
in an HBS containing 1 mM Ca11. Platelets were then stimulated with a,b-methylene
ATP (10 mM) in the absence (Control) or presence of fibrinogen (FG; 1 mg/mL).
Traces shown are representative of 6 to 10 independent experiments.

Figure 4. Fibrinogen inhibits store-mediated Ca 11 entry. (A) Fura-2–loaded
human platelets suspended in HBS containing 1 mM Ca11 were stimulated with TG
(1 mM) in the absence (Control) or presence of either fibrinogen (1 mg/mL) (FG) or
fibrinogen after the addition of 100 mM RGDS (FG 1 RGDS). (B) Human platelets
were stimulated in a Ca11-free medium (100 mM EGTA) with TG (200 nM) in the
absence (Control) or presence of fibrinogen 1 mg/mL (FG) or fibrinogen after the
addition of (100 mM) RGDS (FG 1 RGDS). Three minutes later, CaCl2 (final
concentration, 300 mM) was added to the medium to initiate Ca11 entry. Traces
shown are representative of 5 to 6 independent experiments.
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fibrinogen, following a recently described procedure.28 The treat-
ment of human platelets in a Ca11-free medium with TG (1mM)
plus a low concentration of ionomycin (50 nM, required for
extensive depletion of the internal Ca11 stores in platelets) resulted
in a transient increase in [Ca11]i mediated by the leakage of Ca11

from the internal stores minus Ca11 extrusion. The rate of decay of
[Ca11]i to basal levels can be used as an index to estimate Ca11

extrusion.28 Under these conditions, in both the absence and the
presence of fibrinogen (1 mg/mL), treatment of platelets with TG
plus ionomycin induced a similar elevation in [Ca11]I, and the
rates of decay of [Ca11]i to basal levels were also similar under
both conditions (data not shown). These findings suggested that the
smaller Ca11 elevation observed after the stimulation of platelets
in the presence of fibrinogen were not mediated by acceleration of
the rate of Ca11 extrusion in human platelets. Therefore, because
we demonstrated that fibrinogen did not modify Ca11 release from
the internal stores, these results provide further evidence to suggest
that fibrinogen interferes with Ca11 entry.

Effect of fibrinogen on Ca 11 elevations
in preactivated platelets

To further investigate the role of fibrinogen in Ca11 entry, we
examined the effect of the addition of fibrinogen after platelet
activation. As shown in Figure 5A, the addition of fibrinogen (FG;
1 mg/mL) 45 seconds before ADP (5mM) clearly reduced the
ADP-induced Ca11 elevation (FG6 control). Addition of fibrino-
gen 10 seconds after platelet activation had no effect on the
ADP-induced response. The lack of effect of fibrinogen after
platelet activation was confirmed using TG to activate the platelets.
In both a Ca11-free medium and the presence of 1 mM external
Ca11, the addition of fibrinogen (1 mg/mL) to TG-pretreated
platelets did not alter store depletion-induced Ca11 entry (Figure
5B-C). In contrast, the addition of 100mM lanthanum, a nonspe-
cific cation channel blocker, caused a rapid decrease in [Ca11]i

over the same time course (Figure 5C), indicating that Ca11 entry
had been inhibited. Together, these results indicate that fibrinogen
is able to inhibit agonist-evoked and store-regulated Ca11 entry, an
effect that can be reversed by the RGDS peptide. The lack of effect
of fibrinogen on previously activated platelets indicates that it
affects the activation but not the maintenance of SMCE.

Fibrinogen does not modify platelet Ca 11 signaling in platelets
from patients with Glanzmann thrombasthenia

The addition of 1 mM fibrinogen 45 seconds before stimulation
with 5 mM ADP had little effect on the elevation in [Ca11]i in
platelets from patients homozygous for Glanzmann thrombasthe-
nia, reducing this to 94.3%6 5.7% of control (P . .1; n5 8). In
platelets from healthy controls prepared in parallel, fibrinogen
reduced the ADP-evoked rise in [Ca11]i to 72.9%6 4.7% of
control (P , .001; n5 7). The integral of the ADP-evoked rise in
[Ca11]i was reduced to 71.5%6 2.0% of control (P , .001;
n 5 7) in platelets from healthy controls compared with
93.5%6 8.5% of control (P . .2; n5 8) in platelets from patients
with Glanzmann thrombasthenia.

Role of fibrinogen in reorganization of the actin cytoskeleton
in human platelets

It has previously been shown that the treatment of human platelets
with ADP or TG induces actin polymerization.15,29Because reorga-
nization of the actin cytoskeleton has been reported to play a key
role in the activation and maintenance of SMCE in different cell

types, including platelets,9-11 we tested whether the actin cytoskel-
eton was involved in the inhibitory effect of fibrinogen on Ca11

entry in platelets. Treatment of platelets with TG (1mM) or ADP (5
mM) in the presence of 1 mM external Ca11 enhanced F-actin
content by 30%6 3% and 34%6 4%, respectively. In the pres-
ence of fibrinogen (1 mg/mL), TG- and ADP-induced actin
polymerization was significantly inhibited by 66%6 1% and
88%6 2%, respectively (Figure 6A;P , .01; n5 6). As shown in
Figure 6A, fibrinogen was without significant effect on the actin
filament content of unstimulated platelets. To investigate whether
the effect of fibrinogen is mediated by a reduction in [Ca11]i

elevation, we loaded platelets with the Ca11 chelator dimethyl
BAPTA to prevent [Ca11]i rises.30 In dimethyl BAPTA-loaded

Figure 5. Effect of fibrinogen on the maintenance of Ca 11 entry. (A) Fura-2–
loaded human platelets suspended in HBS containing 1 mM Ca11 were stimulated
with ADP (5 mM) (Control). Fibrinogen (1 mg/mL) was added 10 seconds later (FG),
as shown by the arrow, or 45 seconds before the addition of ADP (FG [control]). (B)
Human platelets suspended in HBS containing 1 mM Ca11 were stimulated with TG
(200 nM) (Control). The addition of fibrinogen (FG; 1 mg/mL) was made 11⁄2 minutes
after the addition of TG, as shown by the arrow. (C) Human platelets were stimulated
in a Ca11-free medium (100 mM EGTA) with TG (200 nM). Three minutes later, CaCl2
(final concentration, 300 mM) was added to the medium to initiate Ca11 entry
(Control). The addition of fibrinogen (FG; 1 mg/mL) or lanthanum chloride (LaCl3; 100
mg/mL) was made 2 minutes after the addition of Ca11, as shown by the arrow.
Traces shown are representative of 6 independent experiments.
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human platelets, we found similar results. Treatment of platelets
with 1 mM TG or 5 mM ADP enhanced actin filament content by
51%6 10% and 32%6 6%, respectively. The responses observed
after platelet stimulation with TG or ADP were significantly
reduced in the presence of fibrinogen (1 mg/mL) by 88%6 5% and
72%6 5%, respectively (Figure 6B;P , .05; n5 6).

Because fibrinogen did not alter [Ca11]i elevation stimulated by
TG or ADP when added after the activation of platelets, we
investigated the effect of fibrinogen on the actin filament content of
preactivated platelets. A series of experiments was carried out
under conditions identical to those used for [Ca11]i measurements.
Treatment of human platelets with TG (1mM) or ADP (5 mM)
enhanced F-actin content by 38%6 7% and 42%6 6%, respec-
tively. When fibrinogen (1 mg/mL) was added to activated
platelets, no significant changes were detected in TG- or ADP-
evoked actin polymerization, which remained enhanced over basal
levels by 43%6 7% and 39%6 2%, respectively (Figure 6C;
P . .05; n5 6). These results suggest that actin polymerization is
independent of [Ca11]i elevation and might be the target for
fibrinogen-mediated modulation of Ca11 signaling.

To further investigate the possibility that fibrinogen modulates
Ca11 entry by interfering with actin polymerization, we examined
the effect of CD and JP on fibrinogen-induced inhibition of SMCE.
CD is a widely used inhibitor of actin polymerization,31 whereas JP
induces stabilization of the actin filaments.32 We have previously
reported that treatment with 10mM CD for 40 minutes abolishes
TG-induced actin polymerization without having any effect on the
actin filament content in resting cells.15 Treatment of human
platelets with 10mM JP for 60 seconds had no effect either on the
actin filament content of resting platelets or on TG-induced actin
polymerization (data not shown). As reported above, the addition
of fibrinogen 45 seconds before TG reduced SMCE by 60%. A
similar effect was observed when cells were treated with a
combination of CD and fibrinogen (58%6 7%, Figure 7, n5 4).
In contrast, the preincubation of human platelets for 60 seconds
with 10 mM JP impaired the effect of fibrinogen and, on the basis
that the binding affinity of JP for F-actin (Kd 5 15 nM)32 is greater
than that of CD (Kd 5 50 nM),33 also impaired the combined effect
of fibrinogen and CD (Figure 7, n5 4). Treatment of platelets for
60 seconds with JP (10mM) did not alter SMCE (data not shown).
These results clearly suggest that fibrinogen modulates SMCE in
platelets by a mechanism involving the inhibition of actin poly-
merization.

Translocation of p60 src to the cytoskeletal fraction
in store-depleted platelets

Tyrosine kinases have been shown to be involved in the activation
of SMCE in several cell types, including human platelets.34-36

Figure 6. Effect of fibrinogen on TG- or ADP-evoked actin polymerization in
platelets. Control human platelets (A) or dimethyl BAPTA-loaded platelets (B) were
treated with TG (200 nM), ADP (5 mM), or the vehicle (HBS) in the absence or
presence of 1 mg/mL fibrinogen. Samples were removed 5 seconds before and 3
minutes after the addition of the stimuli, and actin filament content was determined as
described in “Materials and methods.” Values given are actin filament content as
percentages of basal (HBS-treated platelets) and are expressed as mean 6 SE from
6 independent determinations. *P , .05; **P , .01; ***P , .001. (C) Human platelets
were stimulated with TG (200 nM) or ADP (5 mM), and 10 seconds later fibrinogen (1
mg/mL) or the vehicle (HBS) was added. Samples were removed 5 seconds before
and 3 minutes after the addition of the stimuli, and actin filament content was
determined as described in “Materials and methods.” Values given are actin filament
contents as percentages of basal (nontreated platelets) and are expressed as
mean 6 SE from 6 independent determinations.

Figure 7. Effect of cytoskeletal modifiers on fibrinogen-induced inhibition of
store-mediated Ca 11 entry. Fura-2–loaded human platelets were preincubated in
the presence of 10 mM CD for 40 minutes, 10 mM JP for 60 seconds, both agents, or
the vehicles. Cells were then stimulated in a Ca11-free medium (100 mM EGTA) with
TG (200 nM) in the absence (Control) or presence of 1 mg/mL fibrinogen (FG, FG 1
CD, FG 1 JP, and FG 1 CD 1 JP). Three minutes later, CaCl2 (final concentration,
300 mM) was added to the medium to initiate Ca11 entry. Traces shown are
representative of 4 independent experiments.
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Previous studies have shown that ADP induces association of the
tyrosine kinase p60src to the actin cytoskeleton in human platelets,37

an important process for phosphorylation of its substrates during
platelet activation.18 To investigate the effect of fibrinogen in the
cytoskeletal association of p60src induced by ADP, Western immu-
noblot analysis was performed on the cytoskeletal fraction of
resting and ADP-activated platelets. Platelets heavily loaded with
dimethyl BAPTA were used for this study to eliminate the
Ca11-dependent association of p60src with the cytoskeleton. When
the cytoskeletal fraction was probed for the presence of the protein
tyrosine kinase p60src, a small amount of this protein was detected
and was associated with the cytoskeleton of resting platelets
(Figure 8). Treatment of platelets with ADP (5mM) for 3 minutes
enhanced the amount of p60src associated with the cytoskeleton by
4.56 0.3-fold (Figure 8). As shown in Figure 8, in the presence of
fibrinogen (1 mg/mL), no change was detected in the association of
p60src with the cytoskeleton in resting platelets; however, the
ADP-evoked response was almost completely abolished (there was
only a 1.16 0.1-fold increase over basal levels;P , .001;n5 4).

Discussion

Integrin aIIbb3 is a platelet surface receptor for ligands such as
fibrinogen, fibronectin, or von Willebrand factor.1,2Aggregation of
circulating platelets requires activation by agonists, converting the
integrinaIIbb3 receptor from a resting to an active conformation, a
process termed inside-out signaling, and it depends on fibrinogen
binding to the integrinaIIbb3 complex, serving as a link with
surrounding platelets.1,5 The aggregation mechanism is then ampli-
fied and becomes irreversible with the secretion of the platelet

intragranular substances. This process has its own mechanisms of
control that regulate or modulate platelet activation as the balance
between tyrosine kinase and phosphatase activity or through Ca11

metabolism.38When fibrinogen binds to integrinaIIbb3 on platelets,
outside-in signals are raised involving protein phosphorylation,
cytoskeletal rearrangement, and molecular translocation events.5

Previous studies have reported the ability of fibrinogen to inhibit
several intracellular mechanisms induced by low-intensity stimuli,
such as ATP secretion or [Ca11]i elevation.1,2 These earlier
reports1,2 are inconsistent about whether occupation of the integrin
influences Ca11 store depletion or Ca11 influx. Our findings
confirm the inhibitory role of fibrinogen on ADP- or thrombin-
induced elevations in [Ca11]i.

In the present study, we demonstrate that the effect of fibrinogen
is selectively mediated by the inhibition of Ca11 entry rather than
Ca11 release from the intracellular stores. Our studies performed in
the absence of external Ca11, in which EGTA (100mM) was added
at the time of experiment to avoid uncoupling of the integrinaIIbb3,
clearly demonstrate that fibrinogen does not modify either the
accumulation of Ca11 in the internal pools or the ability of ADP or
the SERCA blocker TG to release Ca11 from the internal stores.
We confirmed this hypothesis by performing a series of studies
with the specific cation channel blocker, SKF96365.24

We found that the effect of fibrinogen was specifically mediated
by binding to its receptor, integrinaIIbb3, because the inhibitory
effect was reversed by the previous addition of either RGDS, a
peptide containing the carboxy-terminal region of the A-a chain
(Arg-Gly-Asp) of the fibrinogen molecule,39 or of abciximab
(ReoPro), the Fab fragment of the monoclonal antibody 7E3.40

Further evidence that fibrinogen acts through the integrinaIIbb3

comes from the finding that fibrinogen was without significant
effect on Ca11 responses in platelets from patients homozygous for
Glanzmann thrombasthenia, who are deficient inaIIbb3. It has been
observed that RGD peptides and abciximab inhibit the binding of
adhesive proteins, such as fibrinogen, to activated platelets with a
subsequent inhibition of platelet aggregation.22,39,40 It has been
reported that the exposure of platelets to high concentrations of
RGD peptides interferes with several cellular processes, such as
secretion or [Ca11]i elevations.1,2 Under our conditions we used an
optimal concentration of RGDS (100mM) that reversed the effect
of fibrinogen without interfering with intracellular calcium signal-
ing on its own. Because RDGS has been reported to activate
integrinaIIbb3 in platelets,41 our results indicate that the inhibitory
effect of fibrinogen is not dependent on affinity modulation of the
integrin but on clustering (avidity modulation) of the integrin, with
modulation of SMCE occurring through early outside-in signaling
events.42 In addition, we have observed that the ability of fibrino-
gen to inhibit Ca11 entry is not caused by Ca11 channel blockage
because it does not alter the entry of Ca11 mediated bya,b-
methylene ATP, an agonist of the P2x1 purinoreceptor that is directly
coupled to a nonselective cation channel.25

In human platelets, a major mechanism for Ca11 influx is
SMCE, where depletion of the intracellular stores induces Ca11

entry across the plasma membrane. Our results demonstrate for the
first time that the occupation of integrinaIIbb3 by fibrinogen
modulates SMCE in platelets. The inhibitory effect of fibrinogen on
SMCE was directly examined using TG to deplete the intracellular
Ca11 stores in the presence or absence of external Ca11. Store
depletion-induced Ca11 entry was reduced in the presence of
fibrinogen. Consistent with the results presented above, the effect
of fibrinogen was reversed by RGDS, suggesting that the inhibitory

Figure 8. Fibrinogen inhibits ADP-evoked cytoskeletal association of p60 src .
Dimethyl BAPTA-loaded human platelets were stimulated for 3 minutes with no
addition or with ADP (5 mg/mL) in the absence or presence of fibrinogen (1 mg/mL)
and then lysed with a Triton X-100 buffer and centrifuged to separate the detergent-
insoluble fraction. These samples were subjected to SDS–PAGE and analyzed by
Western blotting with the specific anti-p60src antibody GD11, as described in
“Materials and methods.” Bands were revealed using chemiluminescence and were
quantified by scanning densitometry. (Top) Results from a representative experiment.
(arrow) Position of p60src. (Bottom) Data are means 6 SE of 4 independent
experiments and are expressed as -fold increases over the resting levels
(experimental/control).
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effect of fibrinogen is entirely mediated by binding to the integrin
aIIbb3. Interestingly, when fibrinogen was added to preactivated
platelets, no changes in [Ca11]i elevations were observed, indicat-
ing that fibrinogen inhibits the activation but not the maintenance
of SMCE. In addition, these findings strongly support the idea that
the effect of fibrinogen is not mediated by Ca11 channel blockage
or Ca11 chelation.

Recently, it has been reported that the actin cytoskeleton might
play a key role in the activation of SMCE in platelets and other
cells.9-11 In human platelets, actin polymerization is also important
for the maintenance of SMCE, an observation supporting the
conformational coupling model.11 We further investigated the role
of the integrinaIIbb3 in SMCE by testing the effect of fibrinogen on
actin polymerization in platelets. In agreement with previous
studies,11,15,29we found that the treatment of platelets with ADP or
TG induced actin polymerization, a process not dependent on
intracellular Ca11 mobilization as demonstrated by using the
intracellular Ca11 chelator dimethyl BAPTA. Our results indicate
that in the presence of fibrinogen, ADP- or TG-induced actin
polymerization was clearly inhibited, whereas no change was
detected when fibrinogen was added to preactivated platelets. In
contrast, fibrinogen did not modify the actin filament content of
unstimulated platelets, in agreement with previous studies showing
that the activation of platelets is a prerequisite to enable integrin
aIIbb3 to bind soluble ligands.5 To further investigate the involve-
ment of the actin cytoskeleton in fibrinogen-induced inhibition of
Ca11 entry, we examined the effect of 2 cytoskeletal modifiers
(which have opposite effects) on fibrinogen-induced reduction of
SMCE. We found that combined treatment with fibrinogen and CD
inhibited SMCE to the same extent as fibrinogen alone. In addition,
we observed that stabilization of the actin filaments by JP impaired
the effect of fibrinogen alone or fibrinogen in combination with
CD. These results indicate that fibrinogen specifically exerts its
effect by inhibiting actin polymerization. It has recently been
reported that the cytoskeleton plays a role in the regulation of the
affinity of integrin aIIbb3 for fibrinogen.43 Thus, the actin cyto-
skeleton seems to play a pivotal role in the initial stages of plate-
let activation.

Recent studies have shown that tyrosine kinases of the Src

family associate with the platelet cytoskeleton on stimulation with
different agonists, a process that has been shown to be independent
of platelet aggregation44 and that is important for phosphorylation
of their substrates.18 In addition, we have recently found that Ca11

store depletion stimulates translocation of the tyrosine kinase p60src

to the actin cytoskeleton,45 a process that might be essential for
SMCE activation.46 In the present study, we show that ADP-evoked
translocation of p60src is independent of [Ca11]i mobilization, as
demonstrated using cells loaded with dimethyl BAPTA, a Ca11

chelator. In addition, we have found that the effect of ADP on p60src

translocation is blocked in the presence of fibrinogen. In agreement
with previous studies44 showing that actin reorganization is
required for p60src cytoskeletal association, fibrinogen-induced
inhibition of the cytoskeletal association of p60src could be a
consequence of its inhibitory role in actin polymerization in
human platelets.

In summary, we have shown that fibrinogen binding to the
integrin aIIbb3 inhibits SMCE in human platelets activated by
submaximal concentrations of agonists, an action that may be
mediated by modulating the reorganization of the actin cytoskel-
eton and by subsequent translocation of the protein tyrosine kinase
p60src to the platelet cytoskeleton. The regulatory role of the
integrinaIIbb3 occurs when fibrinogen is present at the moment of
activation but not when fibrinogen is added after platelet activation.
The inhibitory effect of the integrinaIIbb3 on SMCE might be
involved in the intrinsic negative feedback that prevents further
activation of platelets subjected to low-level stimuli in the circula-
tion. Furthermore, our results indicate platelet aggregation may act
as a mechanism that in part suppresses further Ca11 influx-
dependent activation of platelets incorporated into a thrombus. This
inhibition may protect against the adverse effects of high [Ca11]i.
Our data imply that platelet-fibrinogen interaction has 2 apparently
opposing effects. On the one hand, it is the mechanism by which
the hemostatic plug assembles. On the other hand, further platelet
activation is down-regulated by fibrinogen binding. This down-
regulation is greatly reduced or absent in platelets from patients
with Glanzmann thrombasthenia because of reduced interaction
with fibrinogen. This compensatory effect may explain the lack of a
tendency to bleed severely, observed in many Glanzmann patients.
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